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Abstract 
Incremental Sheet Forming (ISF) process may be classified within the field of sheet metal forming processes, more specifically 
in the asymmetric incremental deformation process. Some studies have been carried out on the influence of different parameters 
in the process. However, there are few publications that evaluate the influence of these parameters using design of experiments 
by finite element modelling. This study provides a better understanding of the process, which will enable an optimization of the 
ISF process and its comparison with other metal forming processes. Furthermore, this study will be the basis for determining 
the development of the equipment necessary to carry it out. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Universidad de Zaragoza, Dpto Ing Diseño y Fabricacion. 
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1. Introduction 
Due to the high costs related to the manufacturing of small batches of parts using traditional processes of sheet 
metal forming, incremental forming processes have recently gained a great importance. Furthermore, these novel 
sheet forming processes are useful in the manufacture of prototypes that can be developed by using conventional 
machines such as a lathe or a milling machine. The main disadvantage appears when a high production of parts is 
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required since these processes are no longer profitable compared to drawing or hydroforming, as pointed out by 
Hartl (2005). 
Emmens et al. (2010) show the technological developments that incremental sheet forming processes (ISF) have 
had. Three different periods are shown with patents that have emerged from new processes or improving some 
existing ones. From a general standpoint, sheet metal forming processes can be mainly classified into incremental 
and non-incremental. Among the non-incremental processes, drawing processes and hydroforming are the most 
commonly used ones against others such as electro-magnetic, electro-hydraulic or explosives forming. Within 
incremental processes, the classification is divided into symmetric and axisymmetric, as can be seen in Jeswiet et 
al. (2005). Furthermore, each of these two groups has different variants. The forming process that is going to be 
studied in this paper is the single point incremental forming (SPIF). In this process, a punch deforms the inner part 
of the plate by moving the punch center gradually downwards, as shown in Fig 1. This process has the advantage of 
not requiring a die and therefore, both the cost and the time required for manufacturing the part are smaller. 
However, the geometric accuracy of the part is not very good due in large part to the elastic recovery of the 
material, as is shown in Micari et al. (2007). 
 
 
Fig. 1. SPIF configuration example. 
The part to be studied consists of a hollow semi-sphere with a radius of 50 mm. The sheet is clamped employing 
two fasteners, one upper and other lower, joined together with screws and attached to the worktable by means of 
two profiles, as is shown in Fig 1. The aim of this research work is to study the effect of different variables on the 
final properties of the plate. 
With respect to the tool, it has been modeled with a single ball at the lower end. This gives a better surface finish 
because the damage imparted to the plate is reduced, as happens in Kim et al. (2002) and in Iseki (2001). Besides, 
the axial force transmitted to the machine is smaller and therefore, simpler and cheaper equipment can be used. 
The material chosen for the plate is an aluminum alloy AA5083, whose composition is shown in Table 1. It is 
widely used in sheet metal and machined parts for the automotive industry, shipbuilding and aeronautics. It also 
has very good characteristics in applications requiring welding, moderate ultimate strength and good corrosion 
resistance. 
  Table 1. AA5083 composition. 
% Si Fe Cu Mn Mg Cr Zn Ti Others Al 
Min.   0.40 4.00 0.05      
Max. 0.40 0.40 0.10 1.00 4.90 0.25 0.25 0.15 0.15 Rest 
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2. Set up of the experimentation 
The research works by Jeswiet et al. (2005), Micari et al. (2007) and Kim et al. (2002) show the diverse factors 
that in advance, could be determinant when designing the manufacturing of a part through SPIF. The most common 
parameters studied in several manuscripts are related to the geometry design and the path of the tool, as pointed out 
by Carrino et al. (2006). In addition to this, one may find research works dealing with the friction control, as that by 
Camacho et al. (2010). Finally, other factor to be taken into account is the initial sheet thickness. 
Among the results observed in the existing bibliography, not only those obtained through FEM simulations may 
be found but also those obtained from experimental results. One of the most important studied results tackles about 
the accuracy of the final part in relation to the theoretical one, as is shown in Ambrogoia (2007). Moreover, one 
may also find SPIF studies on a single stage or multi-stages, as can be observed in Duflou (2008). Experimental 
results of the force being undergone by the tool during its path are shown under different work conditions in the 
research work by Duflou et al. (2007). 
For this present study, different parameters (design factors) have been selected within a range of values chosen 
from the existing bibliography. Their influence on several study variables (response variables) has been evaluated 
through the use of both design of experiments and FEM simulations with the MSC Marc Mentat 2010™ software. 
As design factors, the following of them have been selected: the sheet thickness, the friction coefficient, the tool 
radius and the number of turns for the tool. Among the variables to be studied and evaluated, we have selected the 
equivalent plastic strain and the maximum force value developed by the tool so as to plastically deform the starting 
sheet until the semi-sphere is obtained with a radius value of 50 mm. 
In order to carry out an adequate study and to get the maximum amount of information optimizing the number 
of simulations, the technique of design of experiments (DOE) is going to be used employing the Statgraphics™ 
software. The design chosen for the study of response variables is a factorial design 24 plus eight star points, giving 
a total of 24 experiments or simulations. Table 2 shows the variation levels selected for each of the design factors. 
        Table 2. Variation levels selected for the design factors. 
Design factor Min. value Max. value 
Sheet thickness (mm) 1 3 
Friction coefficient 0.01 0.4 
Tool radius (mm) 10 20 
Number of turns 8 12 
 
With this, a mathematical model will be calculated so that each variable is related in function of the chosen 
parameters. In this way, not only the most influential parameters will be identified but also the possible interaction 
effects between the different design factors. 
 
3. FEM modelling of the SPIF process 
In order to carry out the FEM simulations planned through the previously-mentioned DOE, it is firstly necessary 
to design a general FEM model on which the specific particularities of each case will be included and modified. 
The selection of the MSC Marc Mentat 2010™ FEM software is due to its high capacity for solving highly non-
linear cases such as contacts, high deformation values, high displacement values, friction, among others. 
The first stage of the process consists in drawing the SPIF process geometry and afterwards meshing. The sheet 
geometry is drawn in a circular shape since the final shape is a semi-sphere and thus, the generation of elements is 
simpler than with a square shape. The surface may be meshed either manually or automatically but always taking 
into account the following considerations: mesh the surface as uniform as possible and at the zones where load or 
stress values change sharply, a finer meshing is carried out. In this way, there will be equilibrium between the 
minimum number of used nodes and the maximum approach of results to reality. In the present case of study, the 
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method employed to mesh the surface is “automesh advancing front”, which automatically generates the meshing 
with rectangular elements. As can be observed in Fig. 2, the obtained meshing is quite uniform at the outer part of 
the circle with a finer zone in the middle and a coarser meshing at the inner part. The number of elements obtained 
is 21100. 
 
 
Fig. 2. Sheet meshing. 
In order to model the punch or the tool, a solution has to be found taking the following two aspects into 
consideration. At the same time, the sphere has to be able to move but not having an excessive number of elements 
which makes the calculation of each model be solved slowly. For this purpose, the sphere is drawn free as a surface 
from which the mesh is generated with elements of type shell, as can be observed in Fig. 3. Later on, so as to make 
the sphere move, a node is generated at the center of the punch and all the nodes from the sphere are connected to 
this center through links with a very high rigidity (k = 1000 N/mm), as can be observed in Fig. 3. These links 
simulate the behavior of a spring where it is possible to restrict the distinct degrees of freedom for the connected 
nodes. With these springs, the sphere free rotation is allowed to be simulated as well as the integral transmission of 
the force undergone by the nodes at the outer surface to the central node, where this also makes it easier to obtain 
the results. Moreover, this may be useful when assessing the axial force undergone by the CNC machine-tool 
during the process. In this way, the number of elements generated varies between 1225 (for the case of the tool 
radius with 10 mm) and 2500 (for the case of the tool radius with 30 mm). 
 
 
Fig. 3. Tool meshing and connection through links. 
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To calculate the tool path until the hemisphere is obtained, some equations that define a spherical spiral in 
cartesian axis have been used (Equation 1). 
 
)tncos()tmcos(a)t(x  
)tncos()tmsin(a)t(y         (1) 
)tnsin(a)t(z  
 
Where “t” is the time, “a” the semisphere radius, “m” the number of turns of the spiral on the horizontal axis and 
“n” the number of turns of the spiral on the vertical axis. To adjust the equation in our case, we have to consider the 
following points. First of all, the spiral radius must be generated by the central node of the punch, and both the 
sheet thickness and the tool radius change for each case. Secondly, it is not necessary for the spiral to be complete 
but more than a half, defining in each case the point where it begins. The main restriction is that the punch must not 
be in contact with the sheet at the beginning of the simulation. Finally, a parameter called “m” is created to define 
the horizontal turns and also another parameter is created for the number of spiral turns. Therefore, the relation 
between the number of turns of the spiral and the parameter “m” is defined by turns=m· . In Fig. 4 an example for 
a concrete model of the design of experiments is shown. 
 
 
Fig. 4. Node spherical spiral path of the tool centre node in the case of 10 turns, 15 mm of punch radius and 2 mm of sheet thickness. 
When transferring this information to the central node as a boundary condition, this is performed by three 
different tables in the position shown in each of the three main axes with respect to time. In Fig. 5 an example for 
one of the DOE experiments can be observed. 
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Fig. 5. Relative feed rate of the central node in each axis of the punch. 
 
For modelling the clamping, two surfaces are drawn: one above and other below the sheet. As can be observed 
in Fig. 6, a fillet is designed both to prevent the nodes from attaching to the clamping device and to allow the 
material to flow while the sheet is being deformed but at the same time, avoiding the apparition of cracks and 
orange skin. 
 
 
 
Fig. 6. Modelling of the sheet clamping device. 
The whole FEM simulation has been realized with 3D shell element type, where its main feature is that they are 
plain elements which simulate solid bodies like sheets. These elements are divided into layers that can be fixed 
through the Shell Beam Layer parameter and thus, it is unable to see how results evolve along the cross-section of 
the element. Therefore, this type of element is suitable for the modelling of thin sheets structures like the one 
studied in this research work. 
The material selected is an aluminium alloy 5083 with a Young’s Modulus E = 70000 MPa and a Poisson’s 
coefficient  = 0.3. The values of the stress-strain curve corresponding to a AA5083 have been obtained from Luri 
et al. (2004), where a Hollomon flow rule is used. 
4. Results 
In this section the most outstanding results from FEM simulations are presented. The different response 
variables studied in this research work are the total equivalent plastic strain in each node and the force in the punch 
to carry out the forming process.  
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4.1. Equivalent plastic strain 
Fig. 7 shows the equivalent plastic strain results in a case with 12 turns of the spiral, 10 mm of punch radius, 
1 mm of sheet thickness and with no friction. After analyzing all the models simulated, a similar deformation 
distribution has been obtained in all the models with the only difference of the maximum value of deformation and 
the position of the nodes. 
 
 
 
Fig. 7. Equivalent plastic strain of the deformed sheet and the graphic data for the cross section.  
In Fig. 7, it is observed that at the top part there is no deformation because it is the zone where the material is 
held. Then, a peak that coincides with the first deformed area is observed and it follows the geometry of the fillet. 
In the third stage, the maximum peak of equivalent plastic strain is reached. This is located at the middle of the 
sheet. The last stage corresponds to the centre of the semi-sphere where a small peak appears due to the springback 
of the sheet. With the obtained graphic data, the mean value of the deformation has been calculated. The data 
without deformation are not taken into account because they are placed in an area of the sheet with no interest. 
Equation 2 shows the regression model for the mean plastic deformation value obtained only taking into account 
the significant factors that give the highest value for the R2-adjusted statistic. 
2
2
Thick0.02 - hickTFric0.04375 -
- hickTrP0.00375 - FricrP0.00625 - ricFtS0.015625
 + tS0.0025 + Thick0.341667 + ricF0.025
 + rP0.00286111 + tS0.0409028 - 0.548611 = def. Mean
 (2) 
A R2-adjusted value of 99.4 % is obtained. From the ANOVA table shown in Table 3, it may be pointed out that 
the design factor with the highest influence on the mean deformation is the sheet thickness, followed by the punch 
radius, the number of turns of the spiral and the interaction between the sheet thickness and the punch radius. In 
addition, the friction is not a significant factor and therefore, it is a factor that hardly affects the mean deformation. 
 
     Table 3. ANOVA table of the mean value of equivalent plastic strain. 
 Sum of squares Degrees of freedom Mean square F-Ratio P-Value 
A: Number of turns 0.0107556 1 0.0107556 60.91 0.0000 
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B: Punch radius 0.0156056 1 0.0156056 88.37 0.0000 
D: Thickness 0.6962 1 0.6962 3942.53 0.0000 
AA 0.00031111 1 0.00031111 1.76 0.2056 
AC 0.000625 1 0.000625 3.54 0.0809 
BC 0.000625 1 0.000625 3.54 0.0809 
BD 0.005625 1 0.005625 31.85 0.0001 
CD 0.001225 1 0.001225 6.94 0.0196 
DD 0.00124444 1 0.0012444 7.05 0.0189 
Total error 0.00247222 14 0.000176   
Total 0.734383 23    
 
4.2. Forging force 
The analysis of the maximum force is useful to measure the necessary equipment to carry out the SPIF process 
and particularly more directly with regard to the design of the punch. Fig. 8 shows the punch force during the 
simulation time of the process. 
 
  
Fig. 8. Force evolution during FEM simulation and Pareto’s diagram. 
As can be observed in Fig. 8, the force increases until it reaches a peak and then, it decreases until there is no 
contact between the punch and the sheet. The peak value in Fig. 8 coincides in time with the situation of the punch 
in the zone with the highest equivalent plastic strain. This is because of the material hardening according to the 
material flow rule. Therefore, it is necessary a higher force to deform the material. In Pareto’s diagram (Fig. 8), it is 
observed that the sheet thickness is the most significant factor, followed by the radius of the punch and the turns of 
the spiral. In this way, the force decreases as the thickness and the punch radius are decreased and the number of 
spiral turns is increased. The mathematical model obtained is shown in Equation 3 with a R2-adjusted value of 
99.87 %. 
22
2
Thick991.842 + Fric9171.05 + ThickPr354.125 
+ ricFPr133.125 + rP14.6737 + hickTSt429.062-
 - FricSt426.562 - PrSt24.9375 - hickT7881.38
 + Fric480.227 - Pr179.377 - tS397.5 + 362.131 = Max.Force
 (3) 
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5. Conclusions 
In this research work, the influence of different design factors that are involved in the single point incremental 
forming (SPIF) process have been studied by finite elements simulations and using the design of experiments 
(DOE) technique in order to plan and to optimize the study. 
In the analysis of the strain mean value, it has been determined that the greater the thickness, the greater the 
strain value. It also affects, in a lesser extent, the radius of the punch and the turns of the spiral. The deformation 
increases when the punch radius is decreased and with the number of turns. 
In the analysis of the maximum force undergone by the punch, it is obtained that the most influential factor is 
the sheet thickness. Therefore, if the thickness and the radius of the punch are decreased and the turns of the spiral 
are increased, the punch force reaches a lower value. 
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